An analytical anion-exchange procedure has been developed for the rapid separation of acid-soluble nucleotides (the so-caHed "free" or tissue nucleotides). It permits assay at low pressures in less than 1 h on 10-cm columns of Aminex resins (conventional styrene-type anion exchangers) with alkaline citrate solutions as the eluent. Separation variables have been investigated, to determine optimum conditions for the routine analysis of samples containing tissue nucleotides. Also described here is a simple sol- 
(conventional styrene-type anion exchangers) with alkaline citrate solutions as the eluent. Separation variables have been investigated, to determine optimum conditions for the routine analysis of samples containing tissue nucleotides. Also described here is a simple solvent-extraction procedure for removing HCIO4 or CCI3CO2H quantitatively from cell extracts that contain acid-soluble nucleotides: they are removed from aqueous acid solutions with a water-insoluble amine dissolved in a water-immiscible solvent.
AddItIonal Keyphrases cleotides (1) . In some of the newer procedures, the nucleotides are separated on ion-exchange celluloses (2) and dextrans (3) or by reversed-phase systems (4, 5) . However, because of the recent trend toward both speed and resolving power in the development of chromatographic systems (6-8), and because of the particular demands for speed, sensitivity, and quantitation in the routine determinations of cellular nucleotide pools, pellicular ion-exchange (9, 10) systems have been used more often than other chromatographic procedures. Thus, since 1967 when pellicular exchangers were first introduced (9) conventional resin anion exchangers have been used less and less in chromatographic separations of tissue nucleotides (1, 9, 10) . However, in a recent preliminary communication, Khym (11) demonstrated that on the citrate form of Aminex A-27 (a conventional styrene-type anion exchanger, particle size 12-15 m) with alka-line sodium citrate as the eluent, tissue nucleotides may be separated in about 1 h on columns only 10 cm in height. The citrate system compared very favorably with similar analyses carried out with pellicular anion exchangers, which have the disadvantage of lower capacity than conventional resins. Furthermore, because the A-27 columns are short, they can be operated at lower pressures (275-415 kPa; 40-60 psi) than are necessary for the pellicular ion-exchange columns (up to 34.5 MPa, or 5000 psi). This gives the added advantage of being able to operate with low-cost chromatographic equipment (e.g., glass columns).
The present work details the influence of various separation variables associated with the low-pressure liquid chromatography of tissue nucleotides on the citrate form of Aminex exchangers.
A rapid, simple solvent-extraction procedure is also described for the quantitative removal of residual precipitating acid from cell extracts containing acid-soluble nucleotides.
Materials and Methods

Reagents
Sodium citrate (Na3C6H5O7.2H20), citric acid, and CC13CO2H were purchased from the Mallinckrodt Chemical Works; sodium azide and sodium hydroxide solution (1 mol/liter) Aminex A-27 (bead diameter, -'13 tim) and Aminex A-28 (bead diameter, '-'9 m) styrene/divinylbenzene anion exchangers were bought from Bio-Rad Laboratories. (dual cell, 10-mm path length, l9-il capacity). Exterconvex gradient (25 to 500 mmol of citrate per liter, nal recorders (e.g., Beckman 10-in, recorder) were atpH 8.2), was delivered to the column by the apparatached to the ISCO's when peak areas were measured tus shown in Figure 1 . All citrate resin and about 0.5 part citrate eluent, was prepared. To operate at lower pressures, the middle disk (0.006 in. mean pore diameter) contained in the adjustable bed support plungers is removed, and the two outer disks (0.034 in.) are put back in place. With the column at room temperature and the bottom suport plunger in place, the concentrated resin slurry is added to a column with a disposable pipet. After inserting the top plunger, dilute citrate eluent is pumped through the column until most of the resin has settled. The pumping is stopped, and more resin is added to the column until the bed height remains stationary at 10 cm. At this point the column temperature is brought to 70 #{176}C by means of a Haake Model F constant-temperature circulating-water bath, and 0.5 mol/liter citrate eluent is pumped through the column for about 2 h. (The pressure decreases noticeably when the column is operated at 70 #{176}C). After equilibrating, with dilute citrate eluent, the column is ready for use.
After packing, a new column often shows improved resolution after a few column runs have been made. In some instances, adjacent pairs such as UTP and GDP will not separate at all initially, but will do so in subsequent determinations.
Removal of Perchloric or Trichioroacetic Acids
Acid higher than those of equivalent columns of A-27. As noted in the legend information, operating pressures vary considerably with either flow rate or temperature.
Small sample volumes (10-200 gil) were injected with Hamilton syringes without interrupting the flow of eluent. Larger amounts (up to 1.0 ml) were applied to the column with the pumps momentarily off.
Identification and Quantitation
In these studies identifications were made solely on the basis of the retention time (or volume to peak) of a given compound. Elution positions were established with authentic compounds (either ribo-or deoxyribonucleoside 5'-mono-, -di-, or -triphosphates or related compounds) under a specific set of column operating conditions. The reference compounds (1 to 50 nmol), dissolved in citrate eluent (25 mmol/liter), were applied to the column singly or in various simple mixtures until elution positions were established beyond any doubt. For example, once the elution 2 The ultraviolet-absorbing material arising from or associated with CCI3CO2H is also quantitatively removed by the extraction. order of, say, the nucleoside monophosphates was established, two nucleoside diphosphates were added to a mixture of the monophosphates and the analyses were repeated. If there was any doubt about elution position, concentrations of the compounds in question were changed in the mixtures under study.
Peaks were quantitated by peak-height and peakwidth measurement (8, 12) according to the equation:
where HA is the net peak height (in absorbancy units) measured at 254 nm, Wmi is the peak width (in volume units) measured at half peak height, it2M is the extinction coefficient of a particular compound as previously defined, and 1064 is an equation constant.
Results and Discussion
Removal of Acid from Tissue Extracts
Even though CCI3CO2H and HC1O4 are widely used to extract nucleotides from tissues, there has been no agreement as to the best method for quantitative extraction (13) (14) (15) 
Analytical Variables Affecting Nucleotide Separations on the Column
Effect of temperature.
The optimum temperature for separating nucleoside phosphates on the citrate form of A-27 (or A-28) at pH 8.2 is 70 #{176}C (Figure 3) . At temperatures in the range of 50-60 #{176}C AMP/CDP, GMP/UDP, and ATP/GTP pairs do not separate, while at 75 #{176}C AMP/CDP separate cleanly but UTP tends to overlap GDP. AMP and CDP may be completely separated at 70 #{176}C by having a gradient delay of 2-3 mm-that is, after sample injection, dilute citrate eluent is pumped momentarily a few minuteslonger before the gradient is started (or, alternatively, the exit tube from the gradient device to the column is made correspondingly longer). Because 70 #{176}C is the temperature used, it is essential to determine the stability of the nucleoside phosphates at this temperature.
The results of this study are shown in Figure 4 . Sodium azde was not added to stock preparations of nucleoside phosphates, nor was it present during the 2-h heating period as described in Figure 4 . Sodium azide solution, even at a concentration of 0.3 mmol/liter, degrades nucleoside phosphates slowly over a period of several days. Thus, even though it was present in all citrate eluents, it This is because of increased ionization of the acidic groups in the base moieties of the uridine and guanosine phosphate derivatives.
Thus, if certain adjacent pairs such as UDP/CTP or UTP/GDP are not completely resolved, an appropriate increase or decrease in pH should increase the resolution. Adenosine and cytidine nucleoside phosphates do not have acidic groups or their base moieties that ionize in the range between pH's 8.0 to 8.3, hence elution positions remain the same for these derivatives with small changes in pH of the citrate eluent. Thus the resolution between AMP and CDP cannot be improved by pH changes, but is remedied by controlling citrate concentrations as mentioned previously.
Speed of analysis.
Since 1967, speed and efficiency have been the main incentives for using pellicular ex- However, as shown in Figure 5 , with analytical resolution (8) such analyses can be completed in about 40 mm on columns of conventional resin exchangers that are only 10 cm in height. Also, as seen in Figure 5 , there is complete resolution of adjacent peaks when the flow rate is decreased from 1 to 0.3 ml/min; at this slower flow rate an analysis takes about 2.5 h to complete, but there is the advantage of low operating pressures (only 240-340 kPa, or 35-50 psi).
If greater speeds are important in chromatographic assays of tissue nucleotide samples, 5-cm columns of A-27 or A-28 may be used to carry out nucleotide typified by the one shown in Figure 6 , which also shows the retention times for all 12 common nucleoside phosphates run under the same conditions as the AMP/ATP mixtures.
Practical Applications
At present, this method of analyzing tissue nucleotides is being used to evaluate different methods for extracting "free" nucleotides from Escherichia coli
preparations.3 Table 3 shows some preliminary results.
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Another application of practical interest is testing reagent chemicals for purity. the chromatography of deoxyribonucleoside phosphates. This work, as well as the separation of bases, nucleosides, and the 2'-and 3'-mononucleoside phosphates on the citrate form of Aminex exchangers, will be reported elsewhere.
Efficiency of Separation and Comparisons to Pellicular Ion-Exchange Systems
Column efficiency is expressed quantitatively in terms of the number of theoretical plates (N) found for a column (see references 8, 9, 10, or 12) . N may be calculated by (9, 23) :
where 'mi is the retention time of a peak expressed in volume units and Wmi is the same quantity given for equation 2. Because N is proportional to column length (L), a more useful measure of column efficiency may be calculated from the height equivalent to a theoretical plate (HETP), which is defined by:
Another measure of efficiency is the plates per second (N/s) encountered by a peak as it passes through a column; this is obtained from (9, 24, 25): 
tion conditions
To determine plate numbers (see Table 4 are not valid, because the mass distribution coefficient of a solute will not remain constant throughout a column when the eluate is changing concentration. Thus, to obtain some idea of efficiency values for nucleotide separations with the citrate/Aminex procedure, the four common 5'-ribonucleoside monophosphates were chromatographed at constant eluate concentration ( Figure 9 ). Accordingly, efficiency values were calculated for the separation shown in Figure 9 by the use of equations 3 to 5; these values, given in Table 4 , compare favorably, and in most instances are better than similar values found for pellicular ion-exchange systems (9, 10, 24, 25) . Efficiency can be improved further by using A-28 rather than A-27 columns. This has been judged qualitatively by noting that, when compared under identical conditions, (4) nucleoside phosphate peaks have narrower band widths on A-28 columns.
In some instances, pellicular exchangers have an advantage over conventional resins in tissue nucleotide work. One advantage is that separations can be 0.02 absorbancy units full scale) can be used without serious baseline noise and drift (9). In the present work, considerable baseline drift occurred on the 0.02 absorbance scale (presumably because of the steep gradient used), especially toward the very end of a chromatogram.
Nevertheless, because the capacities of conventional resins are several hundred fold greater than those of the pellicular resins, larger sample volumes may be injected into the A-27 or A-28 columns used here. Thus, less-sensitive absorbancy ranges are not always needed.
